The a-amylase family (glycoside hydrolase family 13; GH 13) contains enzymes with approximately 30 specificities. Six types of enzyme from the family can possess a C-terminal starch-binding domain (SBD): a-amylase, maltotetraohydrolase, maltopentaohydrolase, maltogenic a-amylase, acarviose transferase, and cyclodextrin glucanotransferase (CGTase). Such enzymes are multidomain proteins and those that contain an SBD consist of four or five domains, the former enzymes being mainly hydrolases and the latter mainly transglycosidases. The individual domains are labelled A [the catalytic (b/a) 8 -barrel], B, C, D and E (SBD), but D is lacking from the four-domain enzymes. Evolutionary trees were constructed for domains A, B, C and E and compared with the Ôcomplete-sequence treeÕ. The trees for domains A and B and the completesequence tree were very similar and contain two main groups of enzymes, an amylase group and a CGTase group. The tree for domain C changed substantially, the separation between the amylase and CGTase groups being shortened, and a new border line being suggested to include the Klebsiella and Nostoc CGTases (both fourdomain proteins) with the four-domain amylases. In the ÔSBD treeÕ the border between hydrolases (mainly a-amylases) and transglycosidases (principally CGTases) was not readily defined, because maltogenic a-amylase, acarviose transferase, and the archaeal CGTase clustered together at a distance from the main CGTase cluster. Moreover the four-domain CGTases were rooted in the amylase group, reflecting sequence relationships for the SBD. It appears that with respect to the SBD, evolution in GH 13 shows a transition in the segment of the proteins C-terminal to the catalytic (b/a) 8 -barrel (domain A).
The a-amylase family (glycoside hydrolase family 13, with close relatives in families 70 and 77) consists at present of enzymes of almost 30 different specificities comprising hydrolases, transglycosidases and isomerases [1] . All of these contain a catalytic (b/a) 8 -barrel domain first recognized in Taka-amylase A, an a-amylase from Aspergillus oryzae [2] . This fold was confirmed by crystallography for other specificities, such as cyclodextrin glucanotransferase (CGTase) [3] , oligo-1,6-glucosidase [4] , maltotetraohydrolase [5] , isoamylase [6] , neopullulanase [7] , maltogenic a-amylase [8] , maltogenic amylase [9] , amylomaltase [10] , glycosyltrehalose trehalohydrolase [11] , amylosucrase [12] , maltosyltransferase [13] , cyclomaltodextrinase [14] , 4-a-glucanotransferase [15] , and branching enzyme [16] . Structure determinations of family members with yet other specificities are in progress (e.g. [17, 18] ). Furthermore, prediction of the presence of this (b/a) 8 -barrel fold in other family members has been carried out using unambiguous sequence similarities, particularly at well-known conserved sequence motifs [19] [20] [21] [22] .
In the sequence-based classification of glycoside hydrolases [23] family 13 (most typically a-amylases) forms the GH-H group together with glycoside hydrolase families (GHs) 70 (glucan sucrase-type glycosyltransferases) and 77 (amylomaltases). These enzymes are multidomain proteins that contain several characteristic domains in addition to domain A, the catalytic (b/a) 8 -barrel [1] . Most of them possess a domain B that protrudes from the barrel between the third b-strand and third a-helix and varies greatly in length, sequence and tertiary structure [20, 24] . Domain C, which immediately succeeds the catalytic barrel, is essentially a b-sandwich structure (e.g. [2] [3] [4] [5] ), characteristic for GH 13 members, but missing in GH 77, as shown by the structure of amylomaltase from Thermus aquaticus [10] . Domain C is, moreover, lacking in its common form in GH 70 where the glycosyltransferases have a circularly permuted catalytic (b/a) 8 -barrel [21] . Several GH 13 members contain one or more N-terminal domains preceding the barrel [19] ; such domains have occasionally been named domain N although they are not all structurally related. Finally, a group of enzymes in GH 13 contain one or two additional all-b domains, D and E, at the C-terminal end, following the above-mentioned domain C. If the enzymes possess both domains D and E, they do not normally contain an N-domain, and are thus five-domain proteins possessing the catalytic (b/a) 8 -barrel (domain A) and the four domains B, C, D and E. In the case of four-domain proteins without an N-domain, only domain E (but not domain D) is present. It should be noted that the function of domain D is as yet unknown [19, 22] . Domain E, however, was recognized early and has attracted much attention due to its raw starch-binding function (e.g [25] [26] [27] [28] [29] [30] [31] [32] ), which facilitates degradation of starch granules by the enzymes containing such a domain. Throughout this paper, domain E is referred to as SBD, the starch-binding domain.
In a classification of carbohydrate-binding modules, this starch-binding domain is considered to belong to family 20 (CBM 20) [33] , and is central to the present study. It is worth mentioning here that amylolytic enzymes containing a completely different kind of starch-binding site [34, 35] or a second type of SBD consisting of some sequence repeats of unknown structure [36, 37] are outside the scope of this work. The SBD of the present study, CBM 20, is wellknown as domain E in CGTases [3, [38] [39] [40] [41] . It occurs, however, not only in some enzymes of the GH 13 a-amylase family but also in certain b-amylases (GH 14), and in the vast majority of glucoamylases (GH 15), despite the fact that while GH 13 enzymes bring about retention of configuration, both b-amylases and glucoamylases are inverting enzymes and possess catalytic domains that differ from the (b/a) 8 -barrel characteristic of the a-amylase family [2, 42, 43] . This ÔclassicalÕ SBD motif consists of seven b-strand segments forming an open-sided distorted b-barrel, as demonstrated by the crystal structures of CGTases from Bacillus circulans strains 8 and 251 [3, 27] , Bacillus stearothermophilus [38] , Thermoanaerobacterium thermosulfurogenes [40] , Bacillus sp. strain 1011 [41] , and b-amylase from Bacillus cereus [44] , and the NMR solution structure of the isolated recombinant SBD of glucoamylase from Aspergillus niger [28] .
The SBD is present in approximately 10% of amylolytic enzymes from GHs 13, 14 and 15 [26, 30] . In the a-amylase family, this module has been recognized in enzymes having six of the almost 30 specificities: a-amylase, maltotetraohydrolase, maltopentaohydrolase, maltogenic a-amylase, CGTase, and the acarviose transferase (which has, however, been assigned the same EC number as CGTase). While the first three enzymes are fourdomain proteins, the latter three have five domains, with the SBD being the C-terminal domain in all cases. Furthermore, the presence of the SBD in an amylolytic enzyme is closely connected with the enzyme origin. Only microorganisms, in particular filamentous fungi, Grampositive bacteria (Firmicutes), Proteobacteria of the c-subdivision, actinomycetes and Archaea are known to produce a-amylase family members containing an SBD. Some species, e.g. among aspergilli or streptomycetes, produce GH 13 enzymes with an SBD, and others without this domain. Interestingly, certain mammalian proteins such as laforin [45, 46] and genethonin [47] , having functions completely unrelated to starch hydrolysis, were found very recently to exhibit unambiguous sequence similarity to an SBD, suggesting a more universal role for this domain.
The present work analyses and compares sequences of the individual domains of all GH 13 members containing an SBD. It is documented by their evolutionary trees that overall the SBD sequences are evolutionarily related according to the taxonomy of the organisms, while the accompanying catalytic and other domains when analysed in the full length sequence, respect the enzyme specificity. Detailed analysis of evolutionary trees calculated for individual domains also reveals that a transition occurs in parts of the proteins which are C-terminal to domain A, discriminating the various GH 13 hydrolases from the transglycosidases having four and five domains, respectively.
Materials and methods
All amino acid sequences of the enzymes studied in this work are listed in Table 1 . Most of the sequences were retrieved from the SwissProt database and its supplement TrEMBL [87] . In a few cases, the GenBank [88] was used (Table 1) .
BLAST [89] was used for performing the searches in the molecular biology databases (using the default parameters) to retrieve for comparison all the relevant enzymes from the a-amylase family having a C-terminal SBD. As query, the entire sequence of the SBD from B. circulans strain 251 CGTase (610 SGDQVSVRFV VNNATTALGQ NVYLTGSVSE LGNWDPAKAI GPMYNQVVYQ YP NWYYDVSV PAGKTIEFKF LKKQGSTVTW EGGS NHTFTA PSSGTATINV NWQP 713) [39] was used.
Published three-dimensional structures of representatives of GH 13 were used as templates that served as definition criteria for individual domains of enzymes listed in Table 1 . These were the a-amylase from A. oryzae [2] , CGTases from B. circulans strain 8 and strain 251 [3, 27, 39] , maltotetraohydrolase from Pseudomonas stutzeri [5] , and maltogenic a-amylase from B. stearothermophilus [8] . Some structural information was extracted also from the SwissProt database [87] and from sequence-oriented studies focused on the GH 13 enzymes published previously [19] [20] [21] [22] [24] [25] [26] 30] .
All sequence alignments were performed using the program CLUSTAL W [90] and then manually tuned where required. The method used for building the evolutionary trees was the neighbour-joining method [91] with the Phylip format tree output implemented in the CLUSTAL W package. The trees were drawn with the program TREE-VIEW [92] .
The three-dimensional structure of Bacillus circulans strain 251 CGTase was retrieved from the Protein Data Bank [93] under the PDB code 1CDG [39] . The protein structure was displayed using the program WEBLABVIEWER-LITE (Molecular Simulations, Inc.).
Results and discussion

Domain arrangement and linkers
The initial analysis of 40 amino acid sequences of GH 13 members having the ÔclassicalÕ SBD (Table 1) revealed that, in fact, there are two groups of these enzymes, which are the five-domain proteins (mostly CGTases, i.e. transglycosidases) and the four-domain proteins (mostly hydrolases). A few exceptions, however, are observed. The maltogenic a-amylase from B. stearothermophilus is clearly a hydrolase, yet contains five domains as shown by sequence studies [1, 20, 94] and its three-dimensional structure [8] . In contrast, the two CGTases from Klebsiella pneumoniae [82] and Nostoc sp. PCC 9229 [83] lack almost all of a typical domain D, a fact that differentiates them from the CGTases produced by bacilli.
The structural arrangement of domains in a five-domain member of GH 13 is presented in Fig. 1 . No threedimensional structure has been determined for a complete four-domain member, although structures are available for several a-amylases that consist of domains A, B and C only [2, [95] [96] [97] [98] [99] . It should be noted, however, that crystals have been obtained for the four-domain maltotetraohydrolase from P. stutzeri, but the SBD was found by X-ray crystallography to be in a disordered state [100] . Figure 1 , in addition to illustrating the arrangement of all domains in the five-domain members of the GH 13, can be taken as an approximation of the first three domains in the four-domain members. It also shows the typical a The accession numbers with * are the numbers from GenBank.
structure of an SBD as its basic features seem wellconserved [3, 8, 22, [26] [27] [28] [29] [30] [38] [39] [40] [41] 44] . While in the five-domain CGTases, the maltogenic a-amylase, and most probably the acarviose transferase, the SBD immediately follows the preceding domain D (Fig. 1) , a linker sequence is likely to be necessary in the four-domain proteins to connect domain C to the SBD. Possible linker sequences for the a-amylases and maltotetrao-and maltopentao-hydrolases are shown in Fig. 2A . These sequences vary in length from 5-40 amino acid residues. While the linker in the maltopentaohydrolase is shown as five residues long, uncertainty exists here because the preceding sequence segment, which should correspond to domain C, does not match domain C of any of the other GH 13 sequences reported to date, being unusually high in arginine (37 out of 124 residues). The linkers in all cases are characteristically rich in glycine, serine, threonine and proline (Fig. 2) .
For comparison, in glucoamylases (GH 15) the SBD is separated from the catalytic domain by a linker (Fig. 2B ) of varying length from a few to more than 50 amino acid residues [101] , the longest linker of 68 residues being found in A. niger glucoamylase G1 [102] . It should be noted that there is a strong resemblance between the linkers of Aspergillus a-amylase and Aspergillus glucoamylases, indicating that taxonomy rather than the specificity may play a major role in linker design. These longer linkers should be flexible, while the shorter linkers, particularly those containing proline, may be more rigid.
Evolutionary trees
The differences in the modular organization of the enzymes studied here (Table 1) are clearly reflected in their evolutionary tree (Fig. 3A) calculated using the complete amino acid sequences including the SBD. Unambiguously there is an Ôamylase groupÕ and a ÔCGTase groupÕ in the tree covering at present the hydrolases (four-domain GH 13 members) and transglycosidases (five-domain members), respectively. The two CGTases, probably lacking domain D Fig. 2 . Linkers connecting the SBD to a preceding domain in amylolytic enzymes. (A) Probable linkers connecting domains C and E in the fourdomain GH 13 members of this study. AAM, a-amylase; M4H, maltotetraohydrolase; M5H, maltopentaohydrolase. Other abbreviations (Aspka, Aspnd, etc.) are explained in Table 1 . (B) For comparison, linkers from GH 15 glucoamylases published in [101] are shown. Aspni GAM, Aspergillus niger glucoamylase; Horre GAM, Hormoconis resinae glucoamylase; Humgr GAM, Humicola grisea glucoamylase. Table 1 . Colour code: red, CGTases; yellow, acarviose transferase; pink, maltogenic a-amylase; blue, a-amylases from Bacillus and actinomycetes; light blue, a-amylases from fungi and yeast; green, maltotetraohydrolases and maltopentaohydrolase. A thick dashed line separates the amylase group from the CGTase group, while the thin dotted line indicates the change of the border between the two parts in the C domain tree and the SBD tree.
completely (K. pneumoniae; Klepn, and Nostoc sp. PCC9229; Nossp), are on branches adjacent to each other and close to the border that separates the two major parts of the tree. Note that the B. stearothermophilus maltogenic a-amylase (Bacst) is placed in the ÔCGTase groupÕ of the tree. This is, however, not surprising as the enzyme has approximately 60% sequence identity with Bacillus CGTases [1, 8, 20, 61, 94] and was recently successfully converted by protein engineering into a CGTase [103] . Nevertheless, the unique features discriminating it from the highly similar Bacillus CGTases are demonstrated by its appearance in a different cluster (Fig. 3A) together with the only representatives of archaeal CGTases (Thermococcus sp. B1001; Thcsp) and acarviose transferases (Actinoplanes sp. SE50; Actsp). Several groups of closely related sequences can be found in both parts of the tree, e.g. the a-amylases produced by streptomycetes or fungi, and the CGTases from the genera Bacillus and Thermoanaerobacter (Fig. 3A) . The a-amylase from Bacillus sp. TS23 (Bacsp) is on a long branch, indicating that another bacterial group could emerge in the future as more sequences become available. In the Ôamylase groupÕ of the tree the amino acid sequence of the maltopentaohydrolase from Pseudomonas sp. KO-8940 (Psesp) is more similar to the sequences of a-amylases originating from the streptomycetes than the two Pseudomonas maltotetraohydrolases (Psesa and Psest) (Fig. 3A) . It is worth mentioning that the positions of the maltooligosaccharide-producing amylases in the tree shown in Fig. 3A (the complete-sequence tree) are in agreement with those found in the evolutionary tree built on the alignment of short conserved sequence regions extracted only from domains A and B [20, 94] . Both of these trees, i.e. the complete-sequence tree and the tree based on short conserved sequences from domains A and B, respect enzyme specificity.
In order to improve our understanding of evolutionary relationships among the GH 13 four-and five-domain members, partial evolutionary trees were constructed (Fig. 3B ) based on the alignments of the individual domains A, B, C and E (i.e. the SBD). A tree was not constructed on the D domain because, as mentioned above, the fourdomain amylases and the two CGTases from Klebsiella and Nostoc lack this domain.
The tree for domain A, i.e. of the catalytic (b/a) 8 -barrel, looks very much like the complete-sequence tree shown in Fig. 3A . In the amylase group of the A domain tree, the a-amylase from Bacillus sp. TS-23 (Bacsp) is clustered again together with the two Pseudomonas maltotetraohydrolases, although it still preserves its own long branch. In the CGTase group of this tree there are no dramatic changes. This essentially shared arrangement of the two trees obviously reflects the fact that domain A constitutes a substantial part, representing more than 50% of the consensus sequence length, of the final alignment. Moreover, the domain A contains most of the functionally important residues which are conserved in the short sequence motifs [1, [19] [20] [21] [22] 94, [104] [105] [106] [107] [108] [109] [110] .
The tree for domain B is also quite similar to the fulllength tree, albeit with a few small changes. In the amylase group of the tree, fungal a-amylases have joined the region of a-amylases from streptomycetes and the Pseudomonas malto-oligosaccharide-producing amylases to form a more compact large ÔamylaseÕ cluster. The a-amylase from Bacillus sp. TS-23 (Bacsp) maintains its own long branch, but approaches the border between the two groups. In the CGTase group, the major change concerns the archaeal CGTase from Thermococcus sp. B1001 (Thcsp) that leaves the maltogenic a-amylase (Bacst) and joins the Klebsiella CGTase.
In general it should be pointed out that the overall arrangement of the trees constructed for domains A and B (Fig. 3B ) are similar to each other and in good agreement with the complete-sequence tree (Fig. 3A) . In the group of CGTases produced by the genera Bacillus and Thermoanaerobacter (the large compact clusters in the CGTases group of the trees), the longest separated branch is occupied by the CGTase from Bacillus clarkii (Baccl) [75] , indicating that this CGTase is at present the most distantly related CGTase from that group.
The arrangement and clustering of the individual enzymes and enzyme specificities are substantially changed in the C domain tree (Fig. 3B ) compared to the two partial trees discussed above and the complete-sequence tree. The C domain tree suggests that a transition occurs in sequence segments C-terminal to domain A such that the amylase/ CGTase distinction is altered slightly. Several lines of evidence support this: (a) the distance separating the ÔhydrolaseÕ part of the tree from the ÔtransglycosidaseÕ part has been dramatically shortened in the ÔC domain treeÕ; (b) the two CGTases lacking domain D (Klepn and Nossp) branch off closer to the four-domain GH 13 members, suggesting a new border-line between the two parts of the tree; (c) the Bacillus stearothermophilus maltogenic a-amylase (Bacst) is now rooted deeply in the cluster of Bacillus and Thermoanaerobacter CGTases; (d) this entire large CGTase cluster is joined to the rest by a clearly shorter branch; (e) a-amylases from streptomycetes move closer to the border.
Some of the findings resulting from the C domain tree are not surprising and simply reflect the obvious differences seen in sequences and structures. For example, the ÔisolatedÕ position of the maltopentaohydrolase from Pseudomonas sp. KO-8940 is based on its C-domain [60] which is unlike other GH 13 domain C sequences. Further, the threedimensional structure of domain C of maltotetraohydrolase from P. stutzeri is reported [5] to resemble that of barley a-amylase [111] , a three-domain protein lacking the C-terminal SBD. In all known cases of GH 13 enzymes, domain C is a b-sheet structure [2] [3] [4] [5] [6] [7] [8] [9] [11] [12] [13] [14] [15] [38] [39] [40] [41] [95] [96] [97] [98] [99] 111] , although the length of this domain is variable within the family.
The final partial tree, the ÔSBD treeÕ, lacks the character of a tree consisting of two groups, i.e. the amylase group and a CGTase group. It was originally reported [30] for the evolutionary relationships of the SBDs originating from the three families GH 13, GH 14, and GH 15 that their evolutionary tree reflects taxonomy rather than the enzyme specificity. In this study focused on the GH 13 members the two four-domain CGTases (Klepn and Nossp) are rooted obviously in the amylase group of the SBD tree that could involve also the cluster of acarviose transferase (Actsp), archaeal CGTase (Thcsp) and the maltogenic a-amylase (Bacst) due to its longer branch separating it from the compact cluster of Bacillus and Thermoanaerobacter CGTases (Fig. 3B) . Thus for the SBD tree there is not an obvious border between the hydrolases and transglycosidases, but rather there may be one between the compact cluster of Bacillus and Thermoanaerobacter CGTases and the remaining enzymes. The positions of the two CGTases from K. pneumoniae and Nostoc sp. PCC-9229 are, however, in agreement with the values of amino acid sequence identity and similarity of their SBD to SBDs from other sources ( Table 2) . This is evident, for example, for the SBD from Klebsiella CGTase that exhibits more than 42% identity to the SBD from Pseudomonas maltotetraohydrolase (compare Table 2 and the SBD tree in Fig. 3B ). This value is almost 15% higher than that for B. circulans strain 251 CGTase representing the CGTases from bacilli. With regard to the Nostoc CGTase, it matches best the a-amylase from Streptomyces griseus, a representative of the a-amylases produced by streptomycetes. The positioning of a Nostoc CGTase in the assumed amylase group of the SBD tree (Fig. 3B ) very probably reflects rather the values of sequence similarities (see these values for Bacillus sp. TS-23 and S. griseus a-amylases vs. that for B. circulans strain 251 CGTase in Table 2 ). Overall the SBD from Nostoc sp. PCC 9229 CGTase exhibits a low degree of both sequence identity and similarity to the SBDs from all sources studied here (Table 1) , a fact reflected in its long branch in the SBD tree. For comparison, the values of sequence identity for the SBD from B. circulans strain 251 CGTase with the SBDs from the CGTases from Thermococcus sp. B1001, Bacillus ohbensis, and Thermoanaerobacter thermosulfurogenes are 37.3%, 63.8% and 74.0%, respectively. Even for the acarviose transferase and the maltogenic a-amylase SBDs compared to the B. circulans strain 251 CGTase SBD these values are 39.8% and 45.0%, respectively.
Conclusions
When SBD-containing GH 13 members are analysed, a change in the evolutionary trees from a specificity-determined relationship at the N-terminal part of the enzymes to one influenced more by taxonomy at the C-terminal part of the same enzymes (Figs 3 and 4) can be seen in the present study. The four-and five-domain members of GH 13 can be referred to generally as the SBD-containing hydrolases (mainly a-amylases, but generally classified as EC 3.2.1.x) and transglycosidases (mainly CGTases, but classified as EC 2.4.1.x), and with a noticeable small intermediate group comprising at present the CGTases from K. pneumoniae [82] and Nostoc sp. PCC 9229 [83] (Fig. 4) . The fact that SBD occurs in GH 13, GH 14, and GH 15 [26] supports the idea that there has been a separate evolution of this domain [30] . This together with the findings of the present study indicates a separate evolution of the domains C and E compared to the domains A and B.
The recent introduction by gene fusion of a Bacillus CGTase SBD into a Bacillus subtilis a-amylase [112] and of the fungal SBD including a linker segment of glucoamylase from A. niger to the barley a-amylase 1 [113, 114] promoted the a-amylase activity towards starch granules by two-to threefold. The conversion of a CGTase from a transglycosidase into a starch hydrolase was also demonstrated recently [115] . This work, taken together with the results of the present study, as well as with many theoretical and experimental results on sequence and structure similarities between amylases and CGTases [19, 20, 22, 26, 30, 94, [116] [117] [118] , their phylogenies [20, 94, 106, [119] [120] [121] , and a novel SBD in an archaeal CGTase [122] can shed more light on, in general, the relations between protein evolution and taxonomy of species [123] and, in particular, the evolution of these industrially important glycoside hydrolases with possible exploitation for their development with enhanced performance.
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